We demonstrate polarization-sensitive stimulated Raman spectroscopy (PS-SRS) enabling fast, high resolution measurement of the depolarization ratio by simultaneous detection of Raman scattered light in orthogonal polarizations. The method provides information about the symmetry of the Raman-active vibrational modes. Our compact PS-SRS setup is based on a tunable continuous wave (CW) probe laser combined with a semi-monolithic nanosecond pulsed pump laser. The CW operation of the laser offers narrow linewidth and low noise, and does not require temporal synchronization with the pump. We demonstrate the technique by measuring the depolarization ratios of carbon-hydrogen (CH) stretches in two different polymer samples in the spectral range of 2825-3025 cm −1 . Raman spectra are obtained at a sweep rate of 20 nm/s (84 cm −1 /s) with a resolution of 0.65 cm −1 . A normalization method is introduced for the direct comparison of the simultaneously acquired polarization Raman spectra.
There is an increasing demand for novel spectroscopic techniques for improved quality assurance and validation of products from pharmaceutical, cosmetic, food, and agricultural industries [1] [2] [3] [4] . Raman spectroscopy is a powerful technique since it is highly versatile and noninvasive. It typically determines vibrational modes of molecules, although rotational and other low-frequency modes may also be observed. Infrared absorption spectroscopy, such as Fourier-transform infrared spectroscopy (FTIR), is routinely used for quantitative analysis of material while Raman spectroscopy mainly has been used as a qualitative measurement method. Only in recent years has there been an increased effort to develop the technique into a quantitative method [5] [6] [7] [8] [9] . In order to produce accurate, reliable and repeatable results, Raman spectrometers require frequent calibration that is time consuming and very cumbersome in routine operation. The calibration of the spectrometer wavelength axis commonly uses emission lines from gas-discharge lamps (e.g. mercury, neon, argon) whose wavelengths are welldefined with very low uncertainties. However, placing the lamp at the sample position is often impractical and calibrating the Raman shift wavenumber further requires knowledge of the excitation wavelength. Therefore, it has become customary to use reference samples with predefined Raman shifts regardless of the excitation wavelength [10] [11] [12] [13] . There exists a variety of reference materials suitable for various applications and wavenumber range, such as silicon, paracetamol, toluene, cyclohexane and polystyrene [10] . Among those, polymers are particularly interesting due to their wide availability, low cost, ease of handling and chemical stability [14] . To be applicable for calibration procedures, reference materials must be carefully characterized and provide high spectral accuracy. This is typically accomplished using high-resolution Fourier-transform Raman spectrometers [10] . However, the technique measures interferograms that are not di- * Corresponding author: hk@dfm.dk rectly readable and it requires additional data processing to obtain Raman spectra. We present an alternative and novel method for the acquisition of high-resolution and accurate Raman spectra of polystyrene reference materials using shot noise limited continuous-wave stimulated Raman scattering (cwSRS).
Stimulated Raman scattering (SRS) refers to the coherent scattering of photons from a high-frequency field (pump) to a low-frequency field (probe) that happens when the frequency detuning between the two fields matches a Raman transition. Its counterpart technique, coherent anti-Stokes Raman scattering (CARS), refers to the coherent scattering to higher frequency than the pump field under similar matching conditions of pump and probe. Most realization of SRS and CARS uses two synchronized picosecond or femtosecond pulsed lasers that deliver very high peak powers to drive the Raman transition [15] . While it strongly enhances the Raman scattering, it also increases the possibility of radiation damage from nonlinear effects such as two-photon absorption [16] [17] [18] . Moreover, the short pulse duration limits the spectral resolution to a few cm -1 . On the other hand, cwSRS reduces sample damage due to the lower peak intensity, achieves high resolution due to the narrow linewidth of continuous-wave (cw) lasers [19] [20] [21] [22] , and decreases cost and complexity of the setup [23, 24] . In this study, we benefit from all the advantages of cwSRS spectroscopy to implement high-resolution and accurate measurements of Raman spectra of polymer materials. Our system operates within the fingerprint region of organic molecules (500 -1800 cm -1 ), which is particularly relevant for biological and medical applications. We achieve one order of magnitude improvement on the accuracy of the measured Raman shifts compared to the standard of the American Society for Testing and Materials (ASTM) [10] . Figure 1 shows our cwSRS setup configured to measure stimulated Raman gain (SRG) on the probe beam. The pump beam is provided by a tunable external cavity diode laser with a tapered amplifier (Toptica TA pro) arXiv:1910.00381v1 [physics.optics] 1 Oct 2019 and the probe beam by a single-frequency grating stabilized laser diode (LD852-SEV600). The combination of the fixed probe wavelength at 852 nm and the tunable pump wavelength covering the range 781 nm to 787 nm allows SRS operation from 968 cm -1 to 1060 cm -1 . The probe diode laser is protected from back reflections by an optical isolator in order to provide optical power stability. The spatial modes of the pump and probe beams are cleaned with single mode fibers. The two beams are mode matched by two telescopes before being combined on a longpass dichroic mirror (Semrock LPD02-785RU). The polarization of the two beams are controlled by polarizing beam splitters (PBS) and wave plates. A 20× microscope objective with 0.20 NA focuses the beams on the sample. Prior to positioning the sample at the focal point, the overlap of the probe and pump beams is optimized by placing a plane-cut single mode fiber at the sample position and optimizing the coupling of the two beams into the fiber. This simple method readily provides optimum alignment and mode matching conditions for SRS after replacing the fiber tip by the sample. The probe and pump beams are collected after the sample by a 20× microscope objective with 0.20 NA. The objective is mounted on a 3-axis translation stage in order to optimize collection of probe light that carries the SRG signal. After collection, the pump and probe beams are separated by a longpass dichroic mirror. The reflected pump beam is directed to a fast PIN photodetector and the probe beam to a homebuilt balanced photodetector.
In the absence of the probe beam, spontaneous Raman scattering (SpRS) can be observed by directing the scattered Stokes light to a Raman spectrometer (iHR320, Horiba) via a multimode fiber. In order to check the tuning of the probe wavelength relative to the Raman transitions we observed the spontaneous Stokes scattered light and the probe beam simultaneously with the spectrometer. In addition, we detect the anti-Stokes Raman scattering (ARS) and CARS by substituting the longpass dichroic mirror by a shortpass filter. CARS was observed as an enhancement of ARS at the Raman shift matching the pump-probe detuning. The CARS signal was used for checking and optimizing the alignment and mode matching of the pump and probe beams onto the sample. In Figure 2 (a), the pump and probe wavelengths are tuned to the breathing mode of the phenyl ring in polystyrene. With pump and probe powers of 172 mW and 65 mW, respectively, the collected CARS and ARS have similar intensities. We verify the square power law of CARS as a function of pump power (see Figure 2 (b)), which explains the tremendous signal enhancement from CARS over ARS when using the high peak powers of pico-and femtosecond lasers [15] . Even though cwCARS has been applied in the past for high-resolution spectroscopy of gases and liquids [25, 26] , we report here the first observation of cwCARS in a solid sample to our knowledge.
In order to observe SRG, the pump intensity is modulated before combination with the probe beam by using a resonant electro-optic amplitude modulator (Thorlabs EO-AM-R-10.7-C1) and a Glan-Taylor polarizer. The modulator is driven at 10.430 MHz with a sinusoidal modulation, which generates a SRG signal at the same probe laser sideband frequency of 10.43 MHz. We apply balanced detection to measure SRG with a sensitivity at the shot noise limit. A reference beam is tapped off from the probe beam before reaching the sample and its noise is subtracted from the probe beam that carries the SRG signal after the sample. Appropriate balancing of the intensities of the reference and signal beams enables reduction of classical noise from the diode laser, with a common mode rejection of more than 20 dB of the photocurrent at 10.43 MHz. The SRG signal and noise are then measured with an electronical spectrum analyzer (Agilent E4411B). The signal and noise are measured using a spectrum analyzer with a resolution and video bandwidth of 1 kHz and 30 Hz, respectively. The noise is dominated by optical shot noise (> 87 %) in the range of probe power that are used (< 3.8 mW). A fit to the measured noise floor gives a scaling of y = 11.3x + 175.9 √ x, with linear and square root scaling indicating classical noise and quantum shot noise, respectively. The classical noise is due to electrical pickup noise [24] . The expected linear scaling of the SRS signal with probe power is shown in Figure  3 (b) . Measurement at the shot noise limit is rendered possible by balanced detection at the sideband frequency away from the main technical noise, despite the use of a cheap laser diode as probe source. SRS spectra were obtained by scanning the pump laser wavelength. The spectra in Figure 4 were measured on a 1.5 mm-thick polystyrene slab in the range 968 cm -1 to 1060 cm -1 . The black line corresponds to a SpRS spectrum and the black circles denote the measured SRS spectrum. The latter is fitted with a sum of two Lorentzians, resulting in the dashed red line. The cyan dotted line is the convolution of the SRS spectrum with the slit function of the Raman spectrometer for SpRS, shown in inset. It matches the SpRS spectrum after normalizing with the area under the curve. This denotes the high-resolution capability of cwSRS compared to grating-based SpRS instruments. cwSRS is therefore capable of providing more accurate values for peak heights and linewidths of Raman transitions. With cwSRS the spectral resolution is only limited by the linewidths of the probe and pump lasers. In our experiment, the linewidths of the probe and pump lasers are 20 MHz and 100 kHz respectively, giving a resolution of 7 · 10 −2 cm -1 .
As metrology approach and demonstration of Raman spectroscopy we apply our SRS system to high-accuracy determination of Raman shifts in a reference material. The advantage of the SRS method for this purpose is the ability to accurately infer the Raman shift via measurement of the probe and pump laser wavelengths by a wavemeter with sub-picometer precision. We measure the laser wavelengths with a wavemeter (HP 86120B) calibrated to a frequency standard with an uncertainty of 0.6 pm. We report values of wavelengths and wavenumbers in vacuum, unless stated otherwise. The Raman spectrum is obtained by scanning the pump wavelength by steps of 60 pm, equivalent to about 0.9 cm -1 . At each step, the SRG signal is acquired on a digital spectrum analyzer (Moku:Lab) and normalized to the modulation amplitude of the pump intensity. The resulting values plotted against the Raman shift calculated from the wavelength measurements give the Raman spectrum of the sample. Figure 5 shows the measured Raman spectrum of a NIST traceable reference material for FTIR made of polystyrene (NIST R SRM R 1921b). The values of the Raman gain is averaged over a hundred measurements and the uncertainties (error bars) are set as a minimum of twice the standard deviation of the means. The data are fitted with a sum of two Lorentzians using the least squares method [27] . The standard uncertainty of a few measurement values are adjusted in order to obtain a reasonable goodness of fit according to the χ 2 test. We calculate χ 2 obs = 70.4 for a number of degrees of freedom δ = 92, giving a probability P {χ 2 (δ) > χ 2 obs } = 95% that indicates good matching between our measurement model and our data within the measurement uncertainties. The results of our model fit are listed in Table I . The wavenumber values in air are calculated from the wavelength values in air that are converted using the Ciddor equation [28] for the refractive index in dry air at 15 • C, 101.325 kPa and with 450 ppm CO 2 content. Compared with the existing standard by ASTM International [10] , we achieve up to one order of magnitude improvement of the uncertainty of the measured Raman shifts. Furthermore, we measure a peak intensity ratio I B /I A = 0.186 ± 0.009 in contrast to the uncorrected value of 0.27 given by the standard. SRS is directly proportional to the imaginary part of the χ (3) nonlinear susceptibility and depends only on the difference frequency of the pump and Stokes beams unlike SpRS [15] . Therefore, SRS allows for an arbitrary choice of the pump and probe wavelengths to characterize a material. In summary, we demonstrated cwSRS with a low-cost setup performing shot noise limited spectral measurements. We also report for the first time to our knowledge observation of cwCARS on a solid material. cwSRS has several advantages over current pulsed SRS schemes. The very high monochromaticity of cw lasers provides high spectral resolution as well as accurate frequency references from which Raman shifts can be inferred with high accuracy. We applied high-resolution cwSRS to measure the Raman spectrum of a polystyrene reference material and followed the GUM [29] method to calculate values and uncertainties of the Raman shifts of two molecular vibrational modes. We achieve up to one order of magnitude improvement of the accuracy of the measured FIG. 5. SRS spectrum of a NIST reference material for FTIR made of polystyrene. Error bars indicate standard uncertainties and the red trace is a fit to the measured data with a sum of two Lorentzians. The fitting is done by the least squares method [27] and the results are shown in Table I .
Raman shifts compared to the ASTM standard. Accurate determination of Raman shifts is particularly important for precise calibration of Raman shift axis based on standard scatterers [11] [12] [13] . The standard scatterer calibration method is more practical and rapid and does not require knowledge of the frequency of the excitation laser. Therefore, our method contributes to the wider development and application of Raman spectroscopy in industrial settings, where effectiveness and efficiency are of primary importance.
